Background Children born from fresh in vitro fertilization (IVF) cycles are at greater risk of being born smaller and earlier, even when limited to singletons; those born from frozen cycles have an increased risk of large-for-gestational age (LGA) birthweight (z-score ≥1.28). This analysis sought to overcome limitations in other studies by using pairs of siblings, and accounting for prior cycle outcomes, maternal characteristics, and embryo state and stage. LGAwas 9.2-9.8 and 14.2-15.4% in 1st and 2nd births in fresh cycles, and 13.1-15.8 and 20.8-21.0% in 1st and 2nd births in frozen cycles. The risk of LGAwas increased in frozen cycles (1st births, adjusted odds ratios (AOR) 1.74, 95% CI 1.45, 2.08; and in 2nd births when the 1st birth was not LGA, AOR 1.70, 95% CI 1.46, 1.98 for fresh/frozen and 1.40, 1.11, 1.78 for frozen/frozen). Conclusions Our results with siblings indicate that frozen embryo state is associated with an increased risk for LGA. The implications of these findings for childhood health and risk of obesity are unclear, and warrant further investigation.
Introduction
Numerous studies have shown that children born from in vitro fertilization (IVF) are more likely to be born smaller and earlier, even when limited to singletons [1] [2] [3] . Prior studies have also consistently reported an excess of large-for-gestational age (LGA) birthweights among children born from frozen embryos; [4] [5] [6] [7] [8] [9] [10] [11] [12] longer embryo culture of fresh embryos has also been implicated as a potential cause of LGA [13] .
The choice of an appropriate comparison group in infertility research is a special challenge [14] . Most often studies compare women treated with IVF to fertile women, but this approach has limitations: the two groups usually differ on a range of important characteristics such as age, socioeconomic status, and education, as well as reproductive history. Several studies have compared women treated with IVF to women with a history of subfertility and no IVF treatment [11, 15, 16] in an effort to quantify the contribution of the IVF treatment to adverse perinatal and infant outcomes.
Several studies have examined birth outcomes in siblings conceived spontaneously versus IVF, and have shown few differences [6, 17, 18] . Comparisons within families have the advantage of eliminating the fixed characteristics of the parents, mainly genetics, which may affect both treatment and outcome. For studies of childhood growth and development, siblings have the advantage of being raised in the same home and social environments. A growing number of studies have compared siblings conceived with IVF by differing methods, such as embryo source (autologous versus donor) [19] or embryo state (fresh versus frozen) [4, 6, 10, 20] . Our study sought to overcome the limitations acknowledged in prior studies, including the inability to adjust for maternal body mass index (BMI) [10] and inadequate sample size by length of embryo culture [13] . The objectives of this analysis were to evaluate factors associated with differences in birth outcomes between singleton siblings in fresh versus frozen cycles, and to also assess the effects of maternal characteristics (parity and BMI), as well as length of embryo culture.
Materials and methods
The data source for this study was the Society for Assisted Reproductive Technology Clinic Outcome Reporting System (SART CORS), which contains comprehensive data from more than 80% of all clinics performing IVF and more than 90% of all IVF cycles in the USA. Data are collected and verified by the Society for Assisted Reproductive Technology (SART) and reported to the Centers for Disease Control and Prevention in compliance with the Fertility Clinic Success Rate and Certification Act of 1992 (Public Law 102-493). SART maintains HIPAA-compliant business associates agreements with reporting clinics. In 2004, following a contract change with CDC, SART gained access to the SART CORS data system for the purposes of conducting research. The national SART CORS database for 2004-2013 contains 1,426,407 IVF treatment cycles. The data in the SART CORS are validated annually [21] with some clinics having on-site visits for chart review based on an algorithm for clinic selection.
Cycles reported to the SART CORS during 2004-2013 were linked to individual women by the woman's birth date, first and last names, and social security number (when present); linkages across clinics also included partner's name and sequence of IVF outcomes. Included were cycles with at least one embryo transferred; excluded were research and banked cycles and those using gestational carriers. When entered into the SART CORS database, embryo stage at freezing was coded as blastocyst (day 5-6) or non-blastocyst (day 2-4); fresh embryos were coded by specific day of transfer (day 2-6). The study population was limited to women with two singleton live births conceived with IVF during the study period with birthweights of ≥300 g and gestations of ≥22 weeks, using autologous oocytes, and matched for embryo stage (non-blastocyst versus blastocyst) and infant gender. The pairs of births were categorized by embryo state in the 1st and 2nd births as both fresh cycles (fresh/fresh), a fresh cycle then a frozen cycle (fresh/frozen), a frozen cycle then a fresh cycle (frozen/fresh), or both frozen cycles (frozen/frozen). For each woman, the treatment cycles were ordered by date, and the first two singleton live births were chosen if there were more than two eligible singleton births. The cycles chosen may not have included the first treatment cycle if it did not result in a live birth or if it resulted in a multiple birth, and the two live singleton births may have been separated by a cycle with a fetal loss or one with a multiple birth, although this was rare.
Variables
Independent variables included maternal factors of age (continuous), race and ethnicity (as white, black, Asian, Hawaiian, mixed, Native American, and unknown/not reported), body mass index (BMI, categorized as 14.0-18.4, 18.5-24.9, 25.0-29.9, 30.0-39.9, and ≥40.0), and parity at 1st birth (0, ≥1); IVF treatment parameters included number of prior IVF cycles, embryo stage based on day of transfer (non-blastocyst versus blastocyst), fetal heartbeats at the 6-week ultrasound (one versus more than one), and infant gender (male or female). Dependent variables included birthweight, birthweight-for-gestation z-score, and length of gestation as continuous variables; small-for-gestation birthweight (SGA, z-score ≤ -1.28) and large-for-gestation birthweight (LGA, zscore >1.28) in the 1st birth, as well as SGA and LGA in the 2nd birth when this factor did not occur in the 1st birth, as categorical variables. These 2nd birth risks for SGA and LGA were modeled excluding SGA and LGA, respectively, at the 1st births because of the established risk of recurrence in subsequent births [22] .
Birthweight z-scores, and small-for-gestational age and large-for-gestational age birthweights Birthweights at each gestational age are normally distributed, and a z-score (or standard deviation score) is the deviation of the value for an individual from the mean value of the reference population divided by the standard deviation for the reference population. Birthweight z-scores were calculated to evaluate adequacy of weight-for-age using gender-specific national standards [23] as recommended by Land [24] , and modeled as continuous and categorical variables. Infants with z-scores ≤−1.28 (below the 10th percentile for gestation) were classified as SGA, and those with z-scores ≥1.28 (above the 90th percentile for gestation) were classified as LGA.
Statistical methods
Within each embryo-state group, means and standard deviations of birthweight, length of gestation, and birthweight zscore were calculated for the 1st and 2nd singleton live births. Means and standard errors were calculated for the differences between the two births. Birthweight, birthweight z-score, and length of gestation at each birth were fit by a general linear model. The models at the 1st birth included the factors: embryo state (fresh versus frozen) and stage (non-blastocyst versus blastocyst), fetal heartbeats at the 6-week ultrasound (one versus more than one), infant gender, maternal age and BMI (both categorized), number of prior IVF cycles, and parity (nulliparous versus parous). Since BMI was not available for approximately 50% of the observations, we created a category of Bmissing^for BMI and included that category in all the analyses; we omit the results for this category in the tables. The models at the 2nd birth included all these factors, as well as embryo state and fetal heartbeats at the 6-week ultrasound for the 2nd birth and the value of the factor being modeled (length of gestation, birthweight, or z-score at the 1st birth). The risks of LGA and SGA birthweight in the 1st birth and in the 2nd birth when LGA or SGA did not occur in the 1st birth were modeled using logistic regression using the same factors as described above. Estimated differences and their standard errors are provided for the general linear models; adjusted odds ratios and their 95% confidence intervals are provided for the logistic regression models. This is an exploratory analysis to identify factors that are affected by IVF. Since hypotheses were not specified a priori, we report means, standard errors, and the unadjusted p values to allow the reader to assess the physiological importance of the results. When there are multiple categories for a factor, the overall p value is also presented. All analyses were performed using the SAS software, version 9.4 (SAS Institute).
Results
The study population included 7795 pairs of singleton births, including 3241 pairs with the embryo states of fresh/fresh, 3371 pairs with fresh/frozen, 310 pairs with frozen/fresh, and 873 pairs with frozen/frozen. The description of the study population by embryo-state group is shown in Table 1 . Maternal age at the 1st birth averaged 32.5-33.4 years, with the 2nd birth occurring about 2.5-2.6 years later. Among women with reported race and ethnicity, approximately 80% of women in each group were White, 8-11% Asian, and 3-6% each Hispanic and Black. Maternal BMI averaged within the normal range, with only a small change in the 2nd pregnancy. More than 85% of women were nulliparous at the 1st pregnancy. Blastocysts accounted for about a third of embryos in both the fresh/fresh and frozen/fresh groups, more than half of embryos in the frozen/frozen group, and about two thirds of embryos in the fresh/frozen group. The number of embryos transferred averaged two in all the groups in both pregnancies.
The outcomes of the 1st and 2nd pregnancies by embryostate group are shown in Table 2 . The percent of single fetal heartbeats at the 6-week ultrasound averaged 91-95% in the 1st pregnancy and 87-95% in the 2nd pregnancy. Length of gestation was consistently shorter at the 2nd versus 1st birth in every group, ranging from −0.3 days for the fresh/frozen to −2.9 days for the frozen/fresh group. Birthweight was higher in the 2nd versus 1st birth for three out of the four groups, ranging from +28 g for the frozen/frozen to +222 g for the fresh/frozen group; birthweight was −81 g lower for the frozen/fresh group. As a result, birthweight z-scores were higher for three out of the four groups, ranging from +0. 16 for the frozen/frozen to +0.51 for the fresh/frozen group, with no difference in the frozen/fresh group.
The percent LGA in the 1st birth was 9.8 and 9.2%, respectively, for infants in the fresh/fresh and fresh/frozen groups, and 13.1 and 15.8%, respectively, in the frozen/fresh and frozen/ frozen groups ( Table 2 ). The percent of LGA in 2nd births showed a similar pattern, 14.2 and 15.4%, respectively in the fresh/fresh and frozen/fresh groups, and 20.8 and 21.0%, respectively in the fresh/frozen and frozen/frozen groups. In the absence of LGA in the 1st birth, the percent LGA in the 2nd birth was attenuated, but was still higher in the frozen groups (17.5 and 15.2%, respectively, in the fresh/frozen and the frozen/frozen groups, compared to 11.0 and 9.4%, respectively, in the fresh/fresh and the frozen/fresh groups).
The percent SGA in 1st births was 8.8 and 8.0%, respectively, for infants in the fresh/fresh and fresh/frozen groups, and 5.6 and 3.5%, respectively, in the frozen/fresh and frozen/ frozen groups ( Table 2 ). The percent of SGA in 2nd births showed a similar pattern, of 4.5 and 5.6%, respectively in the fresh/fresh and frozen/fresh groups, and 2.8 and 3.3%, respectively in the fresh/frozen and frozen/frozen groups. In the absence of SGA in the 1st birth, the percent SGA in the 2nd birth was reduced, but was still higher in the fresh groups (3.3 and 4.5%, respectively, in the fresh/fresh and the frozen/ fresh groups, compared to 2.1 and 2.6%, respectively, in the fresh/frozen and the frozen/frozen groups).
The results of the regression models of birth order and embryo-state groups are shown in Table 3 . Birthweight was +126 g heavier and birthweight z-score +0.30 higher in the 1st births of frozen cycles (p < 0.001) compared to those with fresh cycles, and in the 2nd births of the fresh/frozen group, +131 g heavier birthweight (p < 0.001), +0.67 days longer gestation (p < 0.05), and +0.26 higher birthweight z-score (p < 0.001) than the fresh/fresh group. Blastocyst embryos were associated with shorter gestations (−2.61 and −1.74 days, 1st and 2nd births, respectively, both p < 0.001), reduced birthweights (−28 and −27 g, 1st and 2nd births, respectively, both p < 0.05), and higher birthweight z-scores (1st births, +0.06, p < 0.05). Compared to males, female infants had longer gestations (+1.23 and +1.01 days, 1st and 2nd births, respectively, both p < 0.001) and lower birthweights (−109 and −90 g, 1st and 2nd births, both p < 0.001). The presence of more than one fetal heartbeat at the 6-week ultrasound was associated with shorter gestations, lighter birthweights, and lower birthweight z-scores (−4.93 days, −218 g, and −0.21 in the 1st births; −2.93 days, −181 g, and −0.22 in the 2nd births, all p < 0.001). The maternal factors of parity, age, and BMI also had significant effects on birth outcomes. Higher parity at the 1st birth was associated with shorter gestations (−2.66 days, p < 0.001), heavier birthweights (+58 g, p < 0.01), and higher birthweight z-scores (+0.22, p < 0.001). Increasing maternal age was associated with longer gestations at the 1st births only, but did not have a significant effect on birthweight or birthweight z-score. Increasing maternal BMI was associated with shorter gestations and heavier birthweights, and resultant higher birthweight z-scores; the effects were attenuated but still significant at the 2nd births. The number of prior IVF cycles was not significant in any of the models.
The results of the logistic models of the risks of LGA and SGA by birth order and embryo state are shown in Table 4 . Compared to the fresh embryos, the risk of LGA at the 1st births with the frozen embryos was increased (adjusted odds ratios (AOR) 1.74, 95% CI 1.45, 2.08) and SGA decreased (AOR 0.50, 95% CI 0.37, 0.67). When the 1st birth was not LGA, the risk of LGA in the 2nd births with the frozen embryos was increased (AOR 1.70, 95% CI 1.46, 1.98 for fresh/ frozen and AOR 1.40, 95% CI 1.11, 1.78 with frozen/frozen). The risk of LGA in the 1st birth was also increased with higher parity (AOR 1.30, 95% CI 1.04, 1.62), and paralleled increasing maternal BMI. Both female infant gender and the presence of more than one fetal heartbeat at the 6-week ultrasound were associated with reduced risks of LGA (AOR 0.85, 95% CI 0.74, 0.99 and AOR 0.70, 95% CI 0.52, 0.96, respectively). In general, the risk of SGA was reduced when the risk of LGA was increased conversely. The number of prior IVF cycles and maternal age were not significant in the LGA and SGA models.
Discussion
These analyses indicate that frozen embryo state [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] is associated with an increased risk for LGA, and blastocyst embryo stage is associated with a decreased risk for SGA. The magnitude of the increase we found in the 2nd birthweight in the fresh/frozen pairs of siblings of +222 g is in accord with prior studies (+244 g 4 in an Australian population, +250 g 10 and +286 g 6 in Danish populations), and far exceeds the +81 g attributable only to an increase in parity. These analyses also confirm results from prior studies of the increasing risk of LGA with higher maternal parity and BMI [13, 25, 26] ; the increased risk of SGA with early fetal losses [27] ; and the lower birthweight, longer gestation, and lower risk of LGA in female versus male infants [28] [29] [30] .
Freezing of embryos has been increasingly used worldwide since the 1st birth in 1984 using this technique. [31] . In recent years, there has been a growing interest in frozen embryo transfers, with clinical papers and editorials suggesting a freeze-all approach [32] [33] [34] [35] . The clinical rationale to support this technique is that the supraphysiological hormone levels resulting from ovarian hyperstimulation in the 1st trimester in fresh transfers are associated with a significantly increased risk for low birthweight (LBW, <2500 g), SGA [36] , and preterm delivery [37] . In fresh donor cycles, recipients have hormone levels more comparable to those in a natural conception cycle, which may in part explain the improved rates of implantation, clinical pregnancy, and live births [38] , as well as lower rates of LBW, SGA [8] , and preterm birth [5] . Results of clinical studies and meta-analyses of IVF pregnancies indicate the risks for SGA, preterm birth, LBW, antepartum hemorrhage, and perinatal mortality are significantly reduced with frozen compared to those with fresh embryo transfers [2, [39] [40] [41] [42] . The risk of prenatal bleeding, placental complications, and postpartum hemorrhage has been shown to be higher in both subfertile and IVF pregnancies compared to those conceived spontaneously [43] [44] [45] . Among IVF pregnancies, the risk of obstetric hemorrhage (antepartum hemorrhage, placenta previa, placenta abruption, and postpartum hemorrhage) has been reported to be greater with fresh NS not significant a Siblings were matched on gender *P < 0.05 **P < 0.01 ***P < 0.001 Table 3 Regression models of differences in outcomes by embryo-state groups Models at the 2nd birth also included value at the 1st birth of the factor being modeled; all tests p < 0.0001 N/A not applicable,-non-significant (prior ART cycles was non-significant for all the models) *P < 0.05; **P < 0.01; ***P < 0.001 versus reference level. P value is test comparing all the categories when more than two categories compared to that with frozen cycles [43, 46] , but the risk for pregnancy hypertension is increased with frozen versus fresh transfer [47] , even in studies of pregnancies to the same woman using autologous oocytes [20] .
LGA birthweight is a known risk factor for preeclampsia, and may help explain the association between frozen embryo transfer and this complication [20, 48] . In many studies of the outcome of fresh versus frozen embryo cycles, the two study populations differ substantially. For example, more women undergoing fresh embryo transfer may be those with lower numbers of oocytes and embryos who never had the option to freeze embryos, while those in the frozen embryo transfer group would have had, by definition, excess embryos frozen. In using a woman as her own control, this difference is overcome. Thus, in the fresh/frozen group, all of the women with fresh transfers had embryos subsequently used in the frozen embryo transfer. This design provides a unique window on possible explanations for differences between fresh and frozen embryo transfer, accounting for issues such as number of oocytes produced and infertility diagnoses, as well as the presence of chronic diseases. One explanation proposed for the increased risk of LGA with frozen cycles is the epigenetic changes in the early embryonic stages during freezing and thawing, which could potentially alter developmental processes and the fetal growth potential as a result of cell death or dysfunction [50, 51] . Another explanation is the difference in the maternal uterine environment as a result of the hormonal stimulation (fresh cycles) or hormonal preparation of the uterus (frozen cycles). Further study is needed to understand the mechanisms underlying of these differences.
The excess of LGA birthweights among infants born from frozen embryos has been consistently reported in diverse populations around the world, including Australia, Denmark, Finland, Japan, Norway, Sweden, and the USA. In a large Danish study, the risk of LGA was even greater than that of the spontaneously conceived control group (OR 1.5, 95% CI, 1.2, 1.9) [49] . Similarly, in an analysis of all singleton births in Japan during 2007-2008 (1.8 million births, including nearly 26,000 conceived with IVF), Nakashima et al. [8] reported that among term births, infants born from frozen embryos had significantly higher birthweights at each week compared to infants born from fresh embryos, as well as all Japanese infants.
The perinatal risks of LGA birthweights include higher rates of cesarean delivery, postpartum hemorrhage, and neonatal shoulder dystocia and hypoglycemia, as well as longer newborn hospitalizations [52] . Longerterm health consequences of having been born LGA versus appropriate for gestational age birthweight include greater risks for childhood [53] and adult obesity [54, 55] , altered metabolic profile before puberty (including higher mean serum insulin, adiponectin, and leptin levels) [56] , autism [57] , and childhood cancer [58] . It is unknown how these risks might affect children born N/A not applicable, -non-significant (age and prior ART cycles were non-significant for all the models) *P < 0.05; **P < 0.01; ***P < 0.001 versus reference level. P value is a test comparing all the categories when more than two categories
LGA from frozen embryos. Few studies have evaluated the longer-term health effects on children born after frozen embryo transfer [59] [60] [61] [62] , with most reporting normal growth and development. In a small, but recent study from New Zealand of 96 term singletons born between 2004 and 2008 and followed up at ages 3.5-11 years, Green et al. [62] reported that the transfer of fresh embryos versus frozen embryos was significantly and positively associated with taller stature.
Strengths
The major strength of this analysis is the ability to identify sibling pairs to evaluate the effect of differing IVF treatment parameters on birth outcomes within families. 
Limitations
Although this study has several unique advantages over prior IVF research, it is also subject to a number of limitations. This study uses retrospective data which is advantageous to achieve large numbers; however, data entered into the SART CORS system is not as rigorously controlled as data collected for a prospective research study. No information was available in the SART CORS regarding method of cryopreservation (slow freezing versus vitrification). We have previously shown a potential co-morbidity, pregnancy-related hypertension to be slightly elevated in frozen versus fresh deliveries [47] . Unfortunately, no information was available on obstetric conditions in this dataset. Our dataset also had no information on medications used in fresh and frozen cycles or on perinatal, or child outcomes, including birth defects. No information is available on fathers' ages, BMI, medical history. or cause of infertility, if any. We also could not account for the effect of a potential change in paternity in the 2nd birth. Subsequent studies are planned which will help overcome many of these limitations.
Conclusions
This analysis showed that children born from frozen embryo transfers are significantly heavier, both in absolute weight and weight-for-gestation, than their siblings born from fresh cycles. The implications of these findings for the future health of these children are unclear, and warrant further investigation. There is a need for long-term follow-up studies of children born from IVF, including all cryopreservation techniques. [51, [64] [65] [66] 
